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Abstract: While antimicrobial resistance (AMR) is seen in both Neisseria gonorrhoeae and Neisseria
meningitidis, the former has become resistant to commonly available over-the-counter antibiotic
treatments. It is imperative then to develop new therapies that combat current AMR isolates whilst
also circumventing the pathways leading to the development of AMR. This review highlights the
growing research interest in developing anti-virulence therapies (AVTs) which are directed towards
inhibiting virulence factors to prevent infection. By targeting virulence factors that are not essential
for gonococcal survival, it is hypothesized that this will impart a smaller selective pressure for the
emergence of resistance in the pathogen and in the microbiome, thus avoiding AMR development
to the anti-infective. This review summates the current basis of numerous anti-virulence strategies
being explored for N. gonorrhoeae.
Keywords: Neisseria gonorrhoeae; antimicrobial resistance; sexually transmitted infections; virulence
factors; anti-virulence therapy
1. Introduction
Neisseria gonorrhoeae is a Gram-negative diplococcus which causes the sexually trans-
mitted infection (STI) gonorrhea. The World Health Organization (WHO) estimates that
of the 376 million new cases per annum of treatable STIs (chlamydia, gonorrhea, syphilis
and trichomoniasis), N. gonorrhoeae caused 87 million cases globally [1]. Specifically, in the
United States, gonorrhea is the second most commonly reported notifiable infection. A
2018 surveillance report by the Centers for Disease Control and Prevention determined that
a total of 583,405 cases had been recorded, an 82.6% increase from the historic low observed
in 2009 [2]. A study on the total lifetime direct medical cost of gonorrhea infections on
the US healthcare system was approximately $81.1 to $243.2 million [3]. However, this
cost does not reflect the true economic burden of N. gonorrhoeae infections since it did
not include costs associated with adverse pregnancy outcomes, disease prevention or
productivity loss.
N. gonorrhoeae most commonly colonizes the genital mucosa, but can also colonize
the ocular, nasopharyngeal and anal mucosa. Gonococcal infections in men are predom-
inantly symptomatic, but pharyngeal and rectal infections in men are overwhelmingly
asymptomatic. Symptomatic patients usually present with acute urethritis, displaying
symptoms of dysuria and urethral discharge [4–8]. On the other hand, infections in women
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are frequently asymptomatic, with some studies indicating up to 70% asymptomatic infec-
tion rates [9]. Symptomatic infections of the genital mucosa usually manifest as cervicitis,
urethritis and occasionally as pelvic inflammatory disease (PID) [10]. Asymptomatic cases
are reservoirs that promote gonorrhea transmission, and undetected AMR strains from
these reservoir sites may promote the spread of resistance.
Gonococcal urethritis significantly increases the risk of acquiring and transmitting HIV,
thus substantially contributing to the public health burden of this infection [11–15]. Genital
infections in pregnant women can have adverse effects on the fetus including spontaneous
preterm birth, chorioamnionitis, low birth weight, premature rupture of membranes and
spontaneous abortion [16,17]. Additionally, transmission to the neonate may occur during
passage through the birth canal. The effects of gonococcal disease for neonates include
severe eye infections and bacteremia that can lead to ulceration of the cornea, perforation
of the globe of the eyes or permanent blindness [18–21].
To date, no successful vaccine strategies have been developed for gonorrhea in hu-
mans, as individuals can contract the disease multiple times throughout their lifetime,
suggesting that there is no natural immunity and therefore correlates of protection to
benchmark vaccine efficacy [22,23]. Recent studies have observed an association of reduced
prevalence of gonorrhea in individuals who have received the N. meningitidis serogroup B
vaccine Bexsero®, suggesting that there may be cross-protective immunological responses
elicited from common antigens in the meningococcal outer membrane (OM) vesicle com-
ponent [24,25]. Further work is required to fully analyze the immune response elicited by
this vaccine, but this provides a framework for future gonococcal vaccines, and reinforces
the requirement for human clinical trials to identify successful vaccine antigens [26].
2. Treatment and Antimicrobial Resistance
All gonococcal infections are treated with antibiotics, but different regimes may be rec-
ommended depending on the site of infection. For urethral, anorectal and oropharyngeal
infections, the WHO recommends a dual therapy of 250 mg of intramuscular ceftriaxone as
a single dose and 1 g of oral azithromycin as a single dose [27]. Alternatively, 400 mg of
oral cefixime can be administered as a single dose in conjunction with a single 1 g dose
of oral azithromycin. The dual therapy treatment for gonococcal infections is designed
to prevent the ever-increasing levels of antibiotic resistance observed in N. gonorrhoeae.
Neonatal gonococcal conjunctivitis should be treated with 50 mg/kg intramuscular ceftri-
axone as a single dose, 25 mg/kg intramuscular kanamycin as a single dose or 25 mg/kg
intramuscular spectinomycin as a single dose [27]. Ocular prophylaxis after birth should
also be applied to infants following perinatal cervical exposure using topical treatments
such as tetracycline hydrochloride or erythromycin eye ointment [28].
It is of great concern that AMR has risen to the point where there now exists no known
class of antibiotics to which resistance has not been identified [29–40]. The cost of healthcare
treatment for AMR infections is higher than for common infections since patients often
have extended hospital stays, and require more intensive and expensive care [41–45].
Development of antibiotics against AMR N. gonorrhoeae has been underway for some
time and many clinical candidates such as solithromycin, zoliflodacin, SMT-571 and gepoti-
dacin have entered clinical evaluation for treating uncomplicated gonorrhea [46–50]. Un-
fortunately, mechanisms for resistance against these antimicrobials are already present in
the bacterial population as the targets chosen are not novel. In addition, the suitability of
some of these compounds to treat gonorrhea has been reduced due to pharmacological
issues such as longevity and stability in the urogenital compartment. There also reports of
higher rates of oropharyngeal antibiotic treatment failures compared to other infection sites
which have been attributed to the inability of the antibiotic(s) to reach a sufficiently high
concentration in the oropharyngeal region [51,52]. Several studies by Chow et al. [53–55]
that looked into the effectiveness of antibacterial mouthwash in treating oropharyngeal
gonorrhea among men who have sex with men were unsuccessful or halted early due to
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high treatment failure rates, indicating the potential hurdle which oral treatments will have
to overcome to reach gonococci present in the oropharynx.
3. Pathogenesis Mechanisms of N. gonorrhoeae
Following transmission from an infected to uninfected host, the gonococcus adheres
to the apical side of the epithelial cells. This is mediated through gonococcal surface
structures such as type IV pili (tfp), opacity (Opa) proteins, lipooligosaccharide (LOS) and
the major OM protein porin, PorB [56]. Tfp, LOS and Opa can undergo both phase and
antigenic variation during infection that minimizes recognition and elimination by the
immune system [57].
Primary attachment is initiated by tfp which bind to the host cell surface receptor CD46
and/or complement receptor 3 [58,59]. In vitro studies indicate that antigenic variation of
tfp influences pilus-mediated adherence to human tissue, colony morphology and DNA
transformation efficiency [60,61]. To promote further intimate attachment, Opa proteins,
which are phase variable [62], adhere to the carcinoembryonic antigen-related cell adhesion
molecule (CEACAM) receptors, but some variants can bind to heparan sulfate proteogly-
cans (HSPGs) on host cells [58,63–66]. Attachment is also mediated by gonococcal LOS,
which binds specifically to the host asialoglycoprotein receptor on HepG2 cells [67], human
sperm cells [68] and epithelial cells [69]. Following adhesion, N. gonorrhoeae replicates to
form microcolonies and biofilms [70,71], and some bacteria can proceed to invade epithelial
cells by transcytosis [72–74]. During infection, gonococci releases fragments of bacterial
LOS, peptidoglycan (PG) and OM vesicles during cell growth that activate two pattern
recognition receptors, toll-like receptor (TLR) and nucleotide-binding oligomerization
domain-like receptor (NOD) on epithelial cells, macrophages and dendritic cells [75–79].
N. gonorrhoeae also releases heptose-1,7-bisphosphate, a precursor for the incorporation
of heptose into LOS, which activates TNF receptor-associated factor-interacting protein
with forkhead-associated protein A (TIFA)-dependent immunity [80,81]. Activation of
these TIFA, NOD and TLR signaling pathways leads to the activation of inflammatory
transcription factors and release of pro-inflammatory cytokines and chemokines (e.g., IL-6,
IL-8, CXCL3, CXCL10 and TNF-α) [58,82,83]. In response to these signals, large amounts
of polymorphonuclear leukocytes (PMNs) are recruited to the site of infection, where N.
gonorrhoeae is recognized and phagocytosed. Since gonococci can survive and replicate
within PMNs, the massive influx of PMNs forms an observable purulent exudate that
facilitates transmission [84].
4. Resistance of Gonococcus to Killing by Macrophages and PMNs
N. gonorrhoeae can avoid clearance by the immune system through a variety of mecha-
nisms, including manipulating phagocytosis, modulation of the oxidative burst, defending
against toxic neutrophil products and extending the neutrophil lifespan. Macrophages and
PMNs are both phagocytic cells which utilize oxidative and non-oxidative mechanisms in
microbial killing and degradation [85,86].
N. gonorrhoeae has four major mechanisms through which it is resistant to reactive oxy-
gen species (ROS): quenching ROS, detoxification of ROS, maintaining redox homeostasis,
and repair of oxidative damage. ROS can be quenched through a manganese (Mn) uptake
system that uses Mn(II), encoded by the gene locus mntABC [87–89]. Detoxification of ROS
occurs primarily through the expression of a cytoplasmic catalase, katA [90]. Additionally,
N. gonorrhoeae can also maintain redox homeostasis through the production of glutathione,
encoded by gor [91], while superoxide resistance is mediated by the periplasmic antioxidant
Sco [92]. Finally, N. gonorrhoeae can protect nucleic acids from ROS through recombination
repair mechanisms. It has been shown that several enzymes, including RecA, members of
the Ref-like and RecBCD pathways, and Holliday junction resolvases RuvAC and RecF,
all contribute to gonococcal survival after exposure to ROS [93]. Other enzymes such as
RecN, PriA (replication restart enzyme), UvrABCD (nucleotide excision repair system),
and MsrA/B have all been implicated in repair of oxidative damage [94,95].
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Multiple mechanisms are employed by the gonococcus to evade the non-oxidative
killing mechanisms of macrophages and PMNs. Phosphoethanolamine (pEtN) modifi-
cation and sialylation of LOS results in increased resistance of bacteria to antimicrobial
components, such as cationic antimicrobial peptide (CAMP) LL-37, while pili and porins
have been reported to inhibit the release of antimicrobial substances [96]. Zughaier et al.
(2015) [83] showed that pEtN modification of the lipid A moiety of the LOS reduced au-
tophagy pathways in RAW 264.7 murine and human THP-1 macrophages. Additionally,
the modulation of cellular iron metabolism has been reported to facilitate the survival of
bacteria inside macrophages [97]. Gonococci have also been known to suppress immu-
nity by polarizing macrophages and upregulating inflammatory and immunosuppressive
cytokines (IL-6 and IL-10, respectively) [98]. The efflux pump systems have been shown
to protect bacteria against the killing mechanisms of immune cells. The Mtr (multiple
transferrable resistance) efflux pump system, MtrCDE, plays an important role in enhanc-
ing gonococcal survival during vaginal tract infection in mice models [99]. This efflux
system also contributes towards extracellular survival, PMN extracellular traps and to
PMN-derived antimicrobial peptides [100]. FarAB, another efflux system, also exports
host-derived antimicrobials, but the exact mechanism of how this system contributes to
bacterial defense against immune cells remains unknown [99].
5. AVTs as an Intervention Strategy
Antibiotic resistance in bacteria is driven by exposure to antibiotics. This exposure
can occur via the food chain which delivers subtherapeutic concentrations of drug in
the diet that drive the development of resistance in the microbiome. During antibiotic
treatment of acute symptomatic infections [101,102], the majority of the human microbiome
is removed, leaving resistant strains to proliferate and donate genetic markers of resistance
via horizontal transfer mechanisms to colonizing pathogens (Figure 1A). In the case of N.
gonorrhoeae, resistance markers evolve in the commensal Neisseria species of the human mi-
crobiome or in response to repeated antibiotic treatment failures. As this genus is naturally
transformable, the pathogenic gonococci acquire the genetic markers via transformation
and homologous recombination, in addition to in situ evolution of mutations in antibiotic
target genes [103–105].
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teria. (B) Use of AVTs (green outline) enables PMNs and macrophages to kill the gonococci without 
affecting the microbiome. 
6. Gonococcal Virulence Factors as Targets for Inhibitor Design 
An ideal anti-virulence target should be found in all disease-causing strains and be 
essential for pathophysiology. Multiple compartments within the bacterial cell, including 
the cell wall, OM and secreted components fit these criteria (Table 1) and are summarized 
in Figure 2. Known anti-virulence targets and drug discovery programs against gonococ-
cal virulence factors are explained in detail in the following sections.
Figure 1. Comparison of antibiotic and anti-virulence approaches for treatment of N. gonorrhoeae.
(A) Potential route for antibiotic resistance development in N. gonorrhoeae (pink diplococci). Antibi-
otics also affect the microbiome (Lactobacilli: grey rods; commensal Neisseria: purple circles), forcing
resistance determinants to evolve (blue outline). This resistance can then develop in N. gonorrhoeae
through gene acquisition via natural transformation (blue arrow) or spontaneous mutation. While
antibiotic treatme t may assist PMNs and macrophages (yellow cells) in killing the bacteria, the
prescribed concentration may not be effective, resulting in proliferation of antibiotic resistant bacte-
ria. (B) Use of AVTs (gre n outline) enables PMNs and macrophages to kill the gonococci without
affecting the microbiome.
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Anti-virulence therapies (AVTs) are compounds that target virulence pathways re-
quired for microbial pathogenesis in the host but are not essential to the growth of the
pathogen in standard laboratory conditions [106]. Tailoring the AVT towards targets unique
to the pathogen reduces selective pressure on the commensal flora, which remains intact
and therefore is unable to become a reservoir of resistance determinants (Figure 1B). In the
specific case of N. gonorrhoeae, preservation of the vaginal microbiome could also protect
against gonococcal re-infection [107].
6. Gonococcal Virulence Factors as Targets for Inhibitor Design
An ideal anti-virulence target should be found in all disease-causing strains and be
essential for pathophysiology. Multiple compartments within the bacterial cell, including
the cell wall, OM and secreted components fit these criteria (Table 1) and are summarized
in Figure 2. Known anti-virulence targets and drug discovery programs against gonococcal
virulence factors are explained in detail in the following sections.
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(I ) and separated by a PG layer. The PG is made up of linear glycan strands
(repeating units of alternating N-acetylmuramic acid and N-acetylglucosamine residues
joined through β-1,4 glycosidic bonds) cross-linked by short peptides [194–196]. The outer
leaflet of the neisserial OM is composed of LOS, which consists of a membrane-anchoring
lipid A domain and an inner core of 3-deoxy-D-manno-2-octulosonic acid linking it to
a polysaccharide core [197]. Lipid A comprises a di-glucosamine backbone, 1- and 4’-
phosphate groups and six acyl chains [198,199]. Since the PG and OM provide a substantial
protective barrier, targeting enzymes that preserve or remodel the PG, such as acetylases
and lysozyme inhibitors [121,122,124,200], and LOS components could represent promising
novel drug targets for treating MDR gonococcal infections.
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6.1.1. Lipid A Phosphoethanolamine Transferase
The modification of lipid A with pEtN is mediated by the enzyme lipid A phospho-
ethanolamine transferase (EptA). EptA adds pEtN to the 1 and/or 4′ positions of lipid
A [108,201] and is a characteristic virulence factor of pathogenic Neisseria [202] that affects
multiple aspects of gonococcal survival. The presence of the positively charged pEtN af-
fects the neisserial cell surface and gonococcal strains lacking pEtN modification have been
proven to be more susceptible to CAMPs and complement-mediated killing [109,203,204].
In addition, further studies have shown that eptA knockout strains are highly susceptible
to killing by human PMNs and macrophages [83,111]. Loss of pEtN decoration was also
found to decrease binding of LOS by the host TLR-4/MD-2 signaling pathway and lower
cytokine expression [77,202]. EptA is also essential for survival in the murine female genital
tract and in human male volunteers. A study by Hobbs et al. (2013) [110] showed that in
competitive inhibition assays in mice, there was a minimum of 10–10,000-fold reduction
in eptA mutant strain recovery compared to the wild type. No eptA mutant strains could
be recovered after day 6 post-inoculation in mice, and in human volunteers, eptA mutants
could not be recovered at any point in time post-inoculation.
The enzyme EptA is a particularly attractive target as it is essential for pathogenesis,
is the only lipid A-modifying enzyme present and is found in all strains of pathogenic
Neisseria. While there are no studies currently published on the development of inhibitors
targeting EptA, this enzyme is a promising target for structure-based drug design. Crys-
tallographic and functional studies have highlighted residues in the catalytic site where
inhibitors can be designed to target, thereby reversing the resistance of the gonococci to
antimicrobial peptides [112,201,205,206].
6.1.2. LOS Sialyltransferase
The α-chain of LOS is variable due to the differing expression of LOS glycosyl-
transferases (Lgt), which sequentially add glycan residues to the α-chain extending from
HepI [207]. The expression of certain α-chain structures which mimic host glycans, such as
lacto-N-neotetraose (LNT), play an important role in attachment to and invasion of the host
epithelium and immune invasion in both gonococci and N. meningitidis [63,208]. In particu-
lar, the sialylation of gonococcal LNT with sialic acid (Neu5Ac) by LOS sialyltransferase
(Lst) has been shown to confer serum resistance when grown in media supplemented with
cytidine monophospho-N-acetylneuraminic acid (CMP-NANA, the donor molecule for
Neu5Ac) [209–213] by interfering with all three complement activation pathways [213–216].
The lst gene is ubiquitous among gonococcal isolates [217], and is actively expressed fol-
lowing contact with host cells under the control of the transcriptional regulator CrgA [218],
making it an attractive potential target for anti-virulence therapies [219].
Two major anti-virulence strategies targeting LOS sialylation have been investigated
to date. One strategy made use of chimeric proteins consisting of factor H linked to the Fc
domain of murine IgG—termed FH/Fc [117]. By mimicking factor H mutations observed
in atypical hemolytic uremic syndrome (a condition resulting in the overactivation of
the alternative complement pathway), Shaughnessy and colleagues created a variant of
FH/Fc, FHD1119G, which was non-toxic to host cells but could bind to multiple sialylated
clinical isolates of N. gonorrhoeae, including ceftriaxone-resistant isolates, to varying degrees.
FHD1119G was also shown to have a bactericidal activity of >50% in 10 of the 15 isolates
studied and could increase C3 deposition on the remaining five strains which resisted
direct killing. In a mouse vaginal colonization model, FHD1119G reduced the bacterial
load over the course of the infection and the median time to clearance from 7 to 5 days.
The second anti-virulence strategy targeting gonococcal LOS sialylation makes use
of analogues of CMP-NANA, such as Leg5,7Ac2 and Neu5Ac9N3 (collectively termed
CMP-nonulosonates or CMP-NulOs). When grown in the presence of CMP-NulOs, these
analogues were successfully incorporated into gonococcal LOS by Lst without conferring
resistance to complement mediated killing [116]. Further investigation revealed that
Leg5,7Ac2 reduced factor H binding to levels equivalent to unsialylated gonococci, reduced
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clearance time of gonococcal infections in mice, and was able to block serum resistance
even when added to the medium following the addition of CMP-NANA [118]. Leg5,7Ac2
was also shown to not be incorporated onto the surface of human B lymphoma cells,
indicating that it may potentially be safe for use in humans [118]. Interestingly, the main
mechanism by which CMP-NulOs provide protection in mouse models is by protecting
against cathelicidins, not by inducing resistance to complement [119].
Several obstacles to the use of anti-sialic acid-based therapeutics exist. Sialidases
expressed by the microbial flora of the vagina may de-sialylate gonococcal LOS, rendering
FH/Fc based approaches ineffective [219]. Differences in the interaction of gonococci with
the male and female genital tracts may also affect the efficacy of potential therapies [63].
6.1.3. Lysozyme Inhibitors
The location of gonococcal colonization (e.g., urethra, pharynx, rectum, cervix, and
conjunctiva) is rich in lysozyme, produced as part of the innate immune system or in
macrophages, neutrophils, and dendritic cells [220–223]. Lysozyme is an antimicrobial
protein that causes cell lysis and death through glycosidic bond hydrolysis between the
carbohydrate motifs that make up the PG layer [224,225].
N. gonorrhoeae encodes two direct lysozyme inhibitors, surface-exposed lysozyme in-
hibitor of c-type lysozyme (SliC) and N. gonorrhoeae-adhesin complex protein (NgACP) [121,122].
The expression of these inhibitors is upregulated and essential for survival when exposed
to lysozyme. In the study by Ragland et al. (2018) [121], mutants lacking either SliC,
NgACP or both were constructed and tested against lysozyme from a variety of sources
(i.e., human lysozyme, pooled human tears or pooled human saliva, and neutrophils).
The loss of NgACP resulted in a significantly reduced gonococcal survival when exposed
to lysozyme or neutrophils which SliC alone could not compensate for. However, these
in vitro experiments did highlight the importance of both inhibitors in lysozyme resistance
as the double mutant exhibited an increased sensitivity to lysozyme over either single
mutant. SliC was found to play an important role in vivo survival as shown through
experimental infection of female mouse genital tract. Mice infected with a strain lacking
SliC resulted in a 3-, 372-, and 198-fold lower recovery than the wild-type strain on days 1,
3, and 5 post-inoculation. The same experiment in lysozyme defective mice supported the
importance of SliC during in vivo infection.
Both SliC and NgACP are attractive targets for anti-virulence therapy and as potential
vaccine candidates due to their extracellular localization, expression during human infec-
tion, and relative conservation among gonococcal strains [123,226,227]. No studies have
yet to be published regarding the development of inhibitors or vaccine trials using SliC
and NgACP but the structure of NgACP has been solved [123] and can be used to pursue
structure-based drug design.
6.1.4. PG O-Acetyltransferase B
Similar to the lysozyme inhibitors NgACP and SliC, the enzyme PG O-acetyltransferase
B (PatB) provides protection against lysozyme-induced lysis. In addition, it plays a role
in regulating gonococcal cell autolysis by preventing PG degradation. PatB is hypothe-
sized to function together with PatA (an integral IM protein) as a two component system,
whereby PatA translocates the presumed substrate acetyl-CoA to PatB in the periplasm,
which then acts as a substrate for acetyl group addition onto the C-6 hydroxyl group of N-
acetylmuramic acid [124,125,127,128,133,228]. Preventing O-acetylation of PG is key in mit-
igating the detrimental downstream effects of large circulating gonococcal O-acetylated PG
fragments, such as arthritis and PG-mediated complement consumption [126,130,229,230]
whilst returning sensitivity to lysozymes present in the host immune system. In addition,
compounds targeting this enzyme will have the added benefit of not affecting the existing
microbiota in the host that do not acetylate their PG.
In the study by Brott et al. (2019) [129], inhibitors were identified using high through-
put screening that monitored hydrolysis of a fluorescent substrate, 4-methylumbelliferyl-
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acetate. Following validation pilot screens, optimized screening conditions and stringent
statistical parameters were used to eliminate false positives. The remaining 12 compounds
were put through dose response assays, followed by fluorescence quenching assays that
removed potential hits with chemical properties that interfered with the assay. The com-
pound 89224 was identified as a mixed/non-competitive inhibitor of patB with a Ki of
126 ± 19.5 µM. This compound is a benzothiazolyl-pyrazolo-pyridine derivative specific
for O-acetylated PG, as evidenced by bacteriostatic growth inhibition of N. gonorrhoeae but
not E. coli.
6.1.5. Lytic Transglycosylase A
Lytic transglycosylases, in particular lytic transglycosylase A (LtgA) and LtgD, are in-
volved in PG turnover through the cleavage of the glycosidic bond between N-acetylmuramic
acid and N-acetylglucosamine, which results in the formation 1,6-anhydromuramic acid-
based structures [75,132]. LtgA and LtgD are OM proteins, localizing in the cell septum
and in discrete focal points around the bacterium, respectively [134]. Loss of LtgA and
LtgD results in markedly reduced PG monomer release and increased sensitivity to killing
by neutrophils that is independent from monomer release [135]. In N. meningitidis, an LtgA
active site mutant strain had a detrimental effect on bacterial cell growth, division, and
separation. In an in vivo mouse model, the mutant strain was cleared quicker and had a
reduced cytokine production level [137].
The compound bulgecin A was found to bind specifically to a soluble lytic transglyco-
sylase in E. coli and has been shown to have a synergistic effect when used with β-lactams
to cause bulges in the cell wall of a variety of Gram-negative species [231–236]. Williams
et al. (2017) investigated the effects of bulgecin A in pathogenic Neisseria in addition to
solving the structure of LtgA from N. meningitidis complexed with bulgecin A [136]. The
solved complex showed bulgecin A occupying the conserved active site of LtgA, suggesting
that it acts as a competitive inhibitor and demonstrated the effect of bulgecin A on the
ability of LtgA to facilitate 1,6-anhydro-muropeptide release using in vitro inhibition exper-
iments. This study also demonstrated the synergistic effect of bulgecin A with β-lactams
as seen in the lowered MIC values for penicillin G, amoxicillin and cefotaxime against
pathogenic Neisseria.
6.2. Anaerobic Survival
Evidence of biofilm formation in cervical infections supports the persistence of
gonococcal disease in women as the matrix protects against antibiotics and host de-
fenses [237,238]. Due to this matrix, there exists a concentration gradient of oxygen and
nutrients, suggesting that the bacteria can grow under anaerobic conditions. Several
different genes are upregulated in response to anaerobic growth, including aniA (nitrite
reductase) [239] and norB (nitric oxide reductase) [240].
Anaerobically induced protein A (AniA) is the only anaerobically induced OM protein
that is undetected during aerobic growth [241] and reduces nitrite to nitric oxide. The
presence of antibodies to AniA in the sera of patients diagnosed with gonorrhea or PID
strongly suggests that AniA is expressed during pathogenesis [242]. Since AniA is present
in all strains of N. gonorrhoeae and is essential for the growth and survival of N. gonorrhoeae
under anaerobic conditions and for biofilm formation, it has become a target for both
vaccine and inhibitor studies [23,139–141].
The inhibitor study by Sikora et al. (2017) [141] used a phage display approach to
identify ligands interacting with AniA. From a large initial library of peptides, 29 peptides
were identified and further examined using an enzyme-linked immunosorbent assay. The
results of this assay and computational docking studies revealed that the inhibitor C7-3
was the most promising, binding near the type 2 copper site of the enzyme responsible
for interaction with nitrite. Subsequent experiments with C7-3 and its derivatives, C7-
3m1 and C7-3m2, demonstrated potent inhibition of AniA and antimicrobial activity
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against anaerobically grown N. gonorrhoeae strain 1291, which has resulted in potential
commercialization of these materials [142].
6.3. Efflux Pumps
Most drug efflux proteins belong to five distinct families: the resistance-nodulation-cell
division (RND), major facilitator, staphylococcal/small MDR, ATP-binding cassette, and
multidrug and toxic compound extrusion families [243]. In gonococci, four efflux pump sys-
tems, MtrCDE, MacAB, NorM, and FarAB, have been identified in all strains [244–247]. The
MtrCDE system belongs to the RND family and has been shown to recognize antimicrobials
previously or currently recommended for gonorrhea treatment [46,248–250].
A major gonococcal AMR determinant is the MtrCDE pump. It is composed of
IM and OM channels (MtrD and MtrE, respectively), which are connected through a
periplasmic membrane fusion lipoprotein (MtrC) [244,251,252]. Expression of mtrCDE is
directly regulated by the MtrR repressor and MtrA activator [253–255]. Mutations causing
the overexpression of MtrCDE can occur in MtrR or in the promoter region of the mtrCDE
operon, conferring increased resistance to antibiotics such as azithromycin [244,248]. Jerse
et al. (2003) [99] found that mutations in mtrCDE reduced gonococcal survival in the female
murine genital tract. Additionally, Chen et al. (2019) [147] showed that transcriptional
repression of the MtrCDE efflux pump in penicillin resistant strains could increase the
penicillin susceptibility to therapeutic levels in mice models. MtrCDE may also contribute
to in vivo gonococcal survival by protecting against the antimicrobial effects of fatty acids
and CAMPs found at mucosal surfaces [248,256].
Efflux pump inhibitors have been considered for the treatment of gonorrhea for quite
some time as mtrCDE is expressed by gonococci in the human urogenital tract of both
men and women [226,257]. However, the current candidates under development such
as the efflux pump inhibitor MC-207110 (phenylalanine arginine β-naphthylamide) have
been associated with high levels of host cell toxicity and unfavorable pharmacokinetic
properties [143,145,258].
6.4. Protein Folding Pathways
The process of protein folding is crucial for ensuring that proper biological activity
and conformational stability is achieved as protein misfolding in prokaryotic cells can
lead to aggregation into insoluble inclusion bodies [259]. As such, bacteria contain several
mechanisms that prevent misfolding from occurring. These molecular chaperones facilitate
native protein stabilization, translocation, re-folding, and degradation, and include proteins
such as heat-shock proteins [260,261], peptidyl-prolyl cis–trans isomerases (PPIases) [262]
and oxidoreductases [152,263].
6.4.1. Macrophage Infectivity Potentiator
Macrophage infectivity potentiator (Mip) proteins are members of the FK-506 binding
protein subfamily, belonging to the immunophilin superfamily. This protein family exhibits
PPIase activity, thereby catalyzing the cis–trans isomerization of peptide bonds directly
preceding a proline residue [262]. This is an inherently slow reaction and can be rate limiting
in the correct folding of various proteins in the absence of a PPIase protein [264,265].
The Mip protein in N. gonorrhoeae is an OM protein found to be present, with a high
degree of similarity, in all 20 clinical strains tested by Starnino et al. (2010) [266]. In
addition, all infected patients’ sera were able to recognize recombinant NgMip protein, indi-
cating immunogenicity. This was reinforced by the work of Humbert and Christodoulides
(2018) [267] which showed that recombinant N. meningitidis Mip can produce bactericidal
antibodies that are effective against both N. meningitidis and N. gonorrhoeae strains. Further,
a N. gonorrhoeae strain lacking NgMip showed decreased survival within murine RAW
264.7 macrophage cells [150]. The ability of a N. meningitidis strain lacking NmMip to grow
in human whole blood was decreased in comparison to the parent control [268]. These data
indicate the importance of the Mip protein in the virulence of pathogenic Neisseria species.
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Novel inhibitors originally designed against the Mip protein of Legionella pneumophila
and Burkholderia pseudomallei were tested against N. gonorrhoeae and N. meningitidis by
Reimer et al. (2016) [151]. The cognate inhibitor of Mip proteins, rapamycin, was used as a
basis for the synthesis of these pipecolic acid derivative inhibitors, and the high level of
conservation of Mip proteins across bacterial species allowed for successful screening across
multiple pathogens. The two inhibitors studied, PipN3 and PipN4, were able to inhibit the
PPIase activity of recombinant gonococcal Mip, as well as reduce intracellular survival of
N. gonorrhoeae in PMNs. Treatment with PipN3 and PipN4 also reduced the ability of N.
meningitidis to adhere to and invade human nasopharyngeal Detroit 562 epithelial cells.
6.4.2. Oxidative Protein Folding System
Disulfide bond protein A (DsbA) and DsbB are periplasmic oxidoreductases required
for disulfide bond formation in protein substrates. DsbA is a periplasmic protein that
belongs to the thioredoxin superfamily, with an active site CXXC motif embedded in a
thioredoxin-like fold and a highly conserved cis-proline in an adjacent loop. DsbA catalyzes
the formation of disulfide bonds between thiol groups of two cysteine residues [263]. DsbA
is kept in an oxidized state by DsbB reductase, which transfers electrons to quinone through
the electron transfer system [269]. DsbB is an inner membrane protein and a member of
the vitamin K epoxide reductase superfamily [152]. N. gonorrhoeae encodes two DsbA
oxidoreductases. DsbA1 is a lipoprotein bound to the inner membrane, while DsbA3 is a
soluble periplasmic protein [154].
Inactivation of the DsbA/DsbB oxidative system has pleiotropic effects on various
virulence-associated phenotypes and decreases survival in in vivo infection models of
many Gram-negative pathogens [166]. Inactivation of dsbA1/dsbA2 in N. meningitidis
causes the inefficient folding of PilE and PilQ, resulting in reduced colonization and
competence [154,156], while inactivation of dsbA3 results in instability and loss of function
in EptA [270]. At this stage, no studies have characterized the effects of dsbB loss in
Neisseria species.
Previous studies have identified small-molecule inhibitors, phenylthiazole, benzofu-
ran, and pyridazinone derivatives, against the DsbA/DsbB system in E. coli. Pyridazinone-
based compounds [161,163,165,169] bound to EcDsbB at the quinone-binding site between
the first two transmembrane segments, competing with quinone, or to a segment of the sec-
ond periplasmic loop that interacts with EcDsbA [164,271]. Phenylthiazole and benzofuran-
based compounds bound to the hydrophobic groove of EcDsbA, which is required for inter-
action with EcDsbB [163,169]. Phenylalanine and tyrosine-based phenylthiazole derivatives
were also found to selectively inhibit EcDsbA in in vitro assays, with reduced motility in
soft agar and no effect on growth in liquid media [163]. However, these compounds have
not been trialed in N. gonorrhoeae.
6.5. Adhesion and Invasion
As described earlier, pathogenic Neisseria species express numerous features that facilitate
the attachment and invasion of host cells to begin the cycle of infection. The first step of
infection relies heavily on attachment and colonization through microcolony formation on
the epithelial cell surface [70,272]. This process is mediated by tfp, an OM structure that is
also responsible for enabling transformation competence, immune evasion through antigenic
and phase variation, twitching motility, and protection from CAMP-, ROS- and PMN-killing
mechanisms [273–281]. Additionally, gonococci express Opa proteins that are important for
facilitating attachment to host cells via glycan binding [65,66,187,282]. Therefore, tfp and Opa
proteins represent attractive targets that prevent gonococcal-host interactions.
6.5.1. Type IV Pili
Tfp are long filamentous structures extending from the inner membrane to the
bacterial surface, passing through the outer membrane via PilQ [283,284]. It is com-
posed of the major pilin, PilE, and other minor pilins such as ComP, PilV, PilC and PilH-
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L [173,177,272,281,285,286]. The tfp is a highly dynamic structure which undergoes rapid
cycles of extension and retraction mediated by PilF and PilT, respectively [175,176,287].
Two recent studies have identified inhibitors of neisserial tfp. The first inhibitor,
referred to as compound B in the publication, was identified through a phenotypic screen
and successfully prevented the adherence and formation of N. meningitidis microcolonies on
the human umbilical vein endothelial cell surface [181]. Cellular and in vitro experiments
showed that compound B could inhibit the PilF ATPase enzymatic activity resulting in
lowered surface expression levels of tfp. Since compound B did not show any inhibitory
activity on PilT, this strongly indicates an inhibitory effect on tfp assembly. Additionally,
compound B could also prevent the autoaggregation of N. gonorrhoeae and induced the
disaggregation of preformed gonococcal aggregates, indicating a potential broad-spectrum
application. In the same study, structure–activity relationship analysis of compound B
showed that the 2,4-dimethoxybenzoyl and piperidine moieties can be modified without
affecting efficiency. As such, these components could be modified in future studies to
obtain more soluble and stable inhibitors.
The second inhibitor trifluoperazine and related phenothiazines are part of a group
of anti-psychotic drugs. Unlike compound B, the inhibitors identified by Denis et al.
(2019) [182] do not directly target tfp. Instead, the phenothiazine derivatives affect the
function of the Na+-pumping NADH:quinone oxidoreductase (Na+-NQR) in N. meningitidis
and N. gonorrhoeae, which result in a reduction in tfp twitching motility and the dispersal
of bacterial aggregates [182]. Mice infected with N. meningitidis treated with the both
phenothiazine and antibiotics had reduced bacteremia and increased survival, highlighting
the importance of preventing tfp-mediated pathogenesis.
The effects of both compounds on piliation were fast acting, reflecting the rapid
dynamics of the tfp [181,182]. Additionally, both studies showed that although these
compounds were initially designed to inhibit N. meningitidis, they are also effective on
other Gram-negative tfp-expressing bacterial pathogens such as N. gonorrhoeae and P.
aeruginosa. Further investigations into targeting tfp should be performed due to the broad
range of pathogens that rely on piliation as a virulence factor.
A separate approach to blocking tfp-mediated attachment to host cells has been
recently described by Poole et al. (2020) [183] who screened a library of FDA-approved
drugs for binding to the I-domain of complement receptor 3 (CR3). They retrieved two
drugs, methyldopa and carbamazepine, which bound with high affinity to the CR3 receptor.
Using a docking model, they also synthesized a peptide, G2, which bound with such high
affinity to the I-domain of CR3 that it inhibits tfp-mediated gonococcal colonization of
primary cervical cells.
6.5.2. Mannose-Binding (Opa) Proteins
Opa proteins are OM proteins that promote intimate adhesion to CEACAM and
glycans on host epithelial cells, and are observed to be expressed by gonococci isolated
from human male models of infection [184,185,188]. Cole et al. (2010) [288] showed that
Opa proteins promote persistent late stage of infection in the female murine genital tract.
This study and another by Koch (1947) [289] suggested that expression of Opa variants
may have a link to stages of the menstrual cycle.
A study by Semchenko et al. (2019) [190] used a glycan array analysis to investigate
the glycan binding profile of N. gonorrhoeae and the proteins that mediate this interaction.
The highest percentage of bound glycans were glycosaminoglycans, such as HSPG, and
mannosylated glycans. Using surface plasmon resonance experiments, the glycan that
had the highest-affinity interaction was α1-2-mannobiose and liquid chromatography-
mass spectrometry was used to successfully identify three Opa proteins that were the most
abundant mannose-binding proteins. A second surface plasmon resonance assay confirmed
that Opa-expressing gonococci had a 6- to 27-fold higher affinity to mannosyl glycans than
Opa-nonexpressing gonococci. Since mannose was found on genital tract epithelial cells,
Semchenko and collaborators performed infection inhibition assays using the mannose-
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binding lectin ConA or α-methyl D-mannoside (mannose-binding protein antagonist)
pretreated epithelial cells. Using either inhibitor resulted in a clear reduction in gonococcal
adherence to primary cervical epithelial cells and urethral epithelial cells. These results
affirmed the need for the development of inhibitors specific to Opa/mannose-binding
proteins as gonococcal anti-infectives.
7. Considerations for Further Clinical Development of AVTs
Although there is a considerable number of AVTs for many bacterial pathogens in
pre-clinical development [106,290], licensing pathways for these compounds remain largely
underdeveloped. Provisionally, if the compounds are novel, they are likely to progress
via the same regulatory pathway as antibiotics, which may take as long as 10–15 years
(Table 2) [291]. However, a shortened licensing pipeline of 3–12 years is possible if the AVT
is discovered in previously FDA-approved compound library and shows efficacy in phase
2 trials [292].
One outstanding advantage for the development of AVTs against N. gonorrhoeae is that
this field has access to male human models of infection in the pre-clinical development
phase [179,293]. Human models of infection can be used to validate the chosen target for
AVT development and establish the end points (e.g., no colonization by the pathogen or
reduction in symptoms), which can be then used to develop dosing strategies for phase
1 trials. Three AVT targets—EptA, tfp and Opa mutants—have been tested in human
models to validate them for therapeutic intervention (Table 1). Phase 0 trials of fewer than
15 people could be used to examine the efficacy of AVTs and could be used as go-no-go
breakpoints for candidates that will progress to the more expensive and lengthy phase 1
and 2 trials [292]. This should reduce the failure rates in the development of AVTs and
shorten their time to licensing (Table 2).
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Dose Multiple dosing as needed Multiple dosing, 3–4 days 1–3 doses 
Route of administration 
ral, topical Oral, injectable Injectable 
Correlate of protection Absence of viable pathogen at the site of 
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infection 
Currently unknown 
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Drug development timeframe from 
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Licensing pipeline 
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AVTs against N. gonorrhoeae. LO: Lead optimization. P 0: Phase 0. P I/II/III: Phase I/II/III. IND: investigational new drug application. NDA: new drug application. FDA: 
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colonization and transmission of the 
pathogen. 
Use Pre-exposure prophylaxis or therapeutic Therapeutic Pre- xposure therapeutic 
Dose Multiple dosing as needed Multiple dosing, 3–4 days 1–3 doses 
Route of administration 
Oral, topical Oral, injectable Injectable 
Correlate of protection Absence of viable pathogen at the site of 
infection 
Absence of viable pathogen at the site of 
infection 
Currently unknown 
Implementation Pharmacy or medical prescription Medical prescription Primary care clinics 
Size and cost of clinical trials 






Drug development timeframe from 
pre-clinical to licensing 5–10 years ** 9–15 years 9–15 years 
Licensing pipeline 
  
* Information tabulated from Paul et al. (2010) [294] and Farha and Brown (2019) [291]. ** Provisional estimates as the licensing pipeline has not been fully established for 
AVTs against N. gonorrhoeae. LO: Lead optimization. P 0: Phase 0. P I/II/III: Phase I/II/III. IND: investigational new drug application. NDA: new drug application. FDA: 
United States Food and Drug Administration (FDA) review and approval.
* Information tabulated from Paul et al. (2010) [294] and Farha and Brown (2019) [291]. ** Provisional estimates as
t e licensing pipeline has not been fully est blished for AVTs ag inst N. gonorrhoeae. LO: Lead optimization. P 0:
Phase 0. P I/II/III: Phase I/II/III. IND: investig tional new drug application. NDA: new drug application. FDA:
United States Food and Drug Administration (FDA) review and approval.
Dependent upon the mode of action of an AVT, some may have properties more similar
to antibiotics while others act as adjuvants to antibiotic therapy [295]. Vaccines are targeted
against pathogens with generally no or very little cross-over against other microbial species
and are administered pre-emptively against infection, while antibiotics are administered to
cure acute symptomatic infections. In the case of N. gonorrhoeae, symptomatic infections
in men and PID in women are treated with antibiotics at a late stage of the infection
where inflammation may cause long-term side effects such as infertility [296] and adverse
outcomes for pregnancy [297]. Thus, although antibiotic treatment suppresses further
transmission in the community, most successfully via males, intervention is too late to
either completely resolve transmission in the community or prevent long-term morbidity
from asymptomatic infections in women. AVTs that could be applied preemptively in
the community to suppress asymptomatic transmission are likely to have the highest
benefit, particularly for women who are at the highest risk of developing PID which
increases the risk of infertility. Modes of delivery that would most likely benefit women
would either involve oral delivery or direct topical applications via hygiene products such
as commercial vaginal microbicides, some of which have viricidal and anti-chlamydial
properties [298–301].
8. Conclusions
Given the challenges in the development of antibiotics and vaccines against gonorrhea,
AVTs are a viable alternative, especially where candidate targets have been validated in
human models of infection and correlates for protection have been established. AVTs
may find roles as antibiotic adjuvants [295] for traditional antibiotic therapy to reverse
development of antibiotic resistance or may find a wider role as an intervention that can
reduce asymptomatic infections which drive outbreaks and increase the risk of long-term
morbidity in women.
Author Contributions: All authors contributed to the writing of the manuscript. K.Y.L.L. and
C.M.K. edited the manuscript. E.C.H. designed the figures. K.A.S., M.S.-T. and C.M.K. reviewed
and approved the manuscript. All authors have read and agreed to the published version of the
manuscript.
Antibiotics 2021, 10, 103 18 of 30
Funding: K.Y.L.L. was supported by a Scholarship for International Research Fees (SIRF) from the
University of Western Australia, C.A.M. was supported by a PhD scholarship from the Amanda
Young Foundation, E.C.H. and E.C.M. are supported by Research Training Program (RTP) PhD
scholarships from the University of Western Australia, V.C.T. is supported by University International
Fee Scholarship (UIFS) and University Postgraduate Award (International Students) (UPAIS) from
the University of Western Australia, E.A.K. and N.R.M. are supported by Research Training Program
(RTP) PhD scholarships from Murdoch University, and E.A.K. also received a top-up scholarship
from Defence Material Technology Centre (DMTC).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Rowley, J.; Vander Hoorn, S.; Korenromp, E.; Low, N.; Unemo, M.; Abu-Raddad, L.J.; Chico, R.M.; Smolak, A.; Newman, L.;
Gottlieb, S.; et al. Chlamydia, gonorrhoea, trichomoniasis and syphilis: Global prevalence and incidence estimates, 2016. Bull.
World Health Organ. 2019, 97, 548–562. [CrossRef] [PubMed]
2. Centers for Disease Control and Prevention. Sexually Transmitted Disease Surveillance 2018; Department of Health and Human
Services: Atlanta, GA, USA, 2019. [CrossRef]
3. Owusu-Edusei, K.J.; Chesson, H.W.; Gift, T.L.; Tao, G.; Mahajan, R.; Ocfemia, M.C.B.; Kent, C.K. The estimated direct medical cost
of selected sexually transmitted infections in the United States, 2008. Sex. Transm. Dis. 2013, 40, 197–201. [CrossRef] [PubMed]
4. Sherrard, J.; Barlow, D. Gonorrhoea in men: Clinical and diagnostic aspects. Genitourin. Med. 1996, 72, 422–426. [CrossRef]
[PubMed]
5. Kent, C.K.; Chaw, J.K.; Wong, W.; Liska, S.; Gibson, S.; Hubbard, G.; Klausner, J.D. Prevalence of rectal, urethral, and pharyngeal
chlamydia and gonorrhea detected in 2 clinical settings among men who have sex with men: San Francisco, California, 2003. Clin.
Infect. Dis. 2005, 41, 67–74. [CrossRef]
6. Morris, S.R.; Klausner, J.D.; Buchbinder, S.P.; Wheeler, S.L.; Koblin, B.; Coates, T.; Chesney, M.; Colfax, G.N. Prevalence and
incidence of pharyngeal gonorrhea in a longitudinal sample of men who have sex with men: The EXPLORE study. Clin. Infect.
Dis. 2006, 43, 1284–1289. [CrossRef]
7. Kinghorn, G. Pharyngeal gonorrhoea: A silent cause for concern. Sex. Transm. Infect. 2010, 86, 413–414. [CrossRef]
8. Peters, R.P.; Verweij, S.P.; Nijsten, N.; Ouburg, S.; Mutsaers, J.; Jansen, C.L.; van Leeuwen, A.P.; Morré, S.A. Evaluation of sexual
history-based screening of anatomic sites for Chlamydia trachomatis and Neisseria gonorrhoeae infection in men having sex with
men in routine practice. BMC Infect. Dis. 2011, 11, 203. [CrossRef]
9. McCormack, W.M.; Johnson, K.; Stumacher, R.J.; Donner, A.; Rychwalski, R. Clinical spectrum of gonococcal infection in women.
Lancet 1977, 309, 1182–1185. [CrossRef]
10. Walker, C.K.; Sweet, R.L. Gonorrhea infection in women: Prevalence, effects, screening, and management. Int. J. Womens Health
2011, 3, 197–206. [CrossRef]
11. Ding, J.; Rapista, A.; Teleshova, N.; Mosoyan, G.; Jarvis, G.A.; Klotman, M.E.; Chang, T.L. Neisseria gonorrhoeae enhances HIV-1
infection of primary resting CD4+ T cells through TLR2 activation. J. Immunol. 2010, 184, 2814–2824. [CrossRef]
12. Jarvis, G.A.; Chang, T.L. Modulation of HIV transmission by Neisseria gonorrhoeae: Molecular and immunological aspects. Curr.
HIV Res. 2012, 10, 211–217. [CrossRef] [PubMed]
13. Malott, R.J.; Keller, B.O.; Gaudet, R.G.; McCaw, S.E.; Lai, C.C.; Dobson-Belaire, W.N.; Hobbs, J.L.; Michael, F.S.; Cox, A.D.; Moraes,
T.F. Neisseria gonorrhoeae-derived heptose elicits an innate immune response and drives HIV-1 expression. Proc. Natl. Acad. Sci.
USA 2013, 110, 10234–10239. [CrossRef] [PubMed]
14. Sanyal, A.; Shen, C.; Ding, M.; Reinhart, T.A.; Chen, Y.; Sankapal, S.; Gupta, P. Neisseria gonorrhoeae uses cellular proteins CXCL10
and IL8 to enhance HIV-1 transmission across cervical mucosa. Am. J. Reprod. Immunol. 2019, 81, e13111. [CrossRef] [PubMed]
15. Guvenc, F.; Kaul, R.; Gray-Owen, S.D. Intimate relations: Molecular and immunologic interactions between Neisseria gonorrhoeae
and HIV-1. Front. Microbiol. 2020, 11, 1299. [CrossRef] [PubMed]
16. Maxwell, G.L.; Watson, W.J. Preterm premature rupture of membranes: Results of expectant management in patients with cervical
cultures positive for group B streptococcus or Neisseria gonorrhoeae. Am. J. Obstet. Gynecol. 1992, 166, 945–949. [CrossRef]
17. Heumann, C.L.; Quilter, L.A.S.; Eastment, M.C.; Heffron, R.; Hawes, S.E. Adverse birth outcomes and maternal Neisseria
gonorrhoeae infection: A population-based cohort study in Washington State. Sex. Transm. Dis. 2017, 44, 266–271. [CrossRef]
18. Thompson, T.R.; Swanson, R.E.; Wiesner, P.J. Gonococcal ophthalmia neonatorum: Relationship of time of infection to relevant
control measures. JAMA 1974, 228, 186–188. [CrossRef]
19. Rees, E.; Tait, I.A.; Hobson, D.; Byng, R.E.; Johnson, F.W. Neonatal conjunctivitis caused by Neisseria gonorrhoeae and Chlamydia
trachomatis. Sex. Transm. Infect. 1977, 53, 173–179. [CrossRef]
Antibiotics 2021, 10, 103 19 of 30
20. Laga, M.; Meheus, A.; Piot, P. Epidemiology and control of gonococcal ophthalmia neonatorum. Bull. World Health Organ. 1989,
67, 471–477.
21. Epling, J. Bacterial conjunctivitis. BMJ Clin. Evid. 2012, 2012, 0704.
22. Fung, M.; Scott, K.C.; Kent, C.K.; Klausner, J.D. Chlamydial and gonococcal reinfection among men: A systematic review of data
to evaluate the need for retesting. Sex. Transm. Infect. 2007, 83, 304–309. [CrossRef] [PubMed]
23. Jerse, A.E.; Bash, M.C.; Russell, M.W. Vaccines against gonorrhea: Current status and future challenges. Vaccine 2014,
32, 1579–1587. [CrossRef] [PubMed]
24. Petousis-Harris, H.; Paynter, J.; Morgan, J.; Saxton, P.; McArdle, B.; Goodyear-Smith, F.; Black, S. Effectiveness of a group B outer
membrane vesicle meningococcal vaccine against gonorrhoea in New Zealand: A retrospective case-control study. Lancet 2017,
390, 1603–1610. [CrossRef]
25. Semchenko, E.A.; Tan, A.; Borrow, R.; Seib, K.L. The serogroup B meningococcal vaccine Bexsero elicits antibodies to Neisseria
gonorrhoeae. Clin. Infect. Dis. 2019, 69, 1101–1111. [CrossRef]
26. Gottlieb, S.L.; Jerse, A.E.; Delany-Moretlwe, S.; Deal, C.; Giersing, B.K. Advancing vaccine development for gonorrhoea and the
Global STI Vaccine Roadmap. Sex. Health 2019, 16, 426–432. [CrossRef]
27. World Health Organization. WHO Guidelines for the Treatment of Neisseria gonorrhoeae; World Health Organization: Geneva, Switzer-
land, 2016; Available online: http://www.who.int/reproductivehealth/publications/rtis/gonorrhoea-treatment-guidelines/en/
(accessed on 18 September 2020).
28. Workowski, K.A.; Bolan, G.A. Sexually transmitted diseases treatment guidelines, 2015. MMWR Recomm. Rep. Morb. Mortal.
Wkly. Rep. Recomm. Rep. 2015, 64, 1–137.
29. Ison, C.A. Biology of Neisseria gonorrhoeae and the clinical picture of infection. In Sexually Transmitted Infections and Sexually
Transmitted Diseases; Gross, G.E., Tyring, S.K., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 77–90. ISBN 978-3-642-14663-
3.
30. Centers for Disease Control and Prevention. Cephalosporin susceptibility among Neisseria gonorrhoeae isolates—United States,
2000–2010. MMWR Morb. Mortal. Wkly. Rep. 2011, 60, 873–877.
31. Unemo, M.; Nicholas, R.A. Emergence of multidrug-resistant, extensively drug-resistant and untreatable gonorrhea. Future
Microbiol. 2012, 7, 1401–1422. [CrossRef]
32. Centers for Disease Control and Prevention. CDC grand rounds: The growing threat of multidrug-resistant gonorrhea. MMWR
Morb. Mortal. Wkly. Rep. 2013, 62, 103–106.
33. Unemo, M.; Golparian, D.; Hellmark, B. First three Neisseria gonorrhoeae isolates with high-level resistance to azithromycin in
Sweden: A threat to currently available dual-antimicrobial regimens for treatment of gonorrhea? Antimicrob. Agents Chemother.
2014, 58, 624–625. [CrossRef]
34. Fifer, H.; Natarajan, U.; Jones, L.; Alexander, S.; Hughes, G.; Golparian, D.; Unemo, M. Failure of dual antimicrobial therapy in
treatment of gonorrhea. N. Engl. J. Med. 2016, 374, 2504–2506. [CrossRef] [PubMed]
35. Wi, T.; Lahra, M.M.; Ndowa, F.; Bala, M.; Dillon, J.-A.R.; Ramon-Pardo, P.; Eremin, S.R.; Bolan, G.; Unemo, M. Antimicrobial resis-
tance in Neisseria gonorrhoeae: Global surveillance and a call for international collaborative action. PLoS Med. 2017, 14, e1002344.
[CrossRef] [PubMed]
36. Katz, A.R.; Komeya, A.Y.; Kirkcaldy, R.D.; Whelen, A.C.; Soge, O.O.; Papp, J.R.; Kersh, E.N.; Wasserman, G.M.; O’Connor, N.P.;
O’Brien, P.S.; et al. Cluster of Neisseria gonorrhoeae isolates with high-level azithromycin resistance and decreased ceftriaxone
susceptibility, Hawaii, 2016. Clin. Infect. Dis. 2017, 65, 918–923. [CrossRef] [PubMed]
37. Lahra, M.M.; Martin, I.; Demczuk, W.; Jennison, A.V.; Lee, K.-I.; Nakayama, S.-I.; Lefebvre, B.; Longtin, J.; Ward, A.; Mulvey, M.R.;
et al. Cooperative recognition of internationally disseminated ceftriaxone-resistant Neisseria gonorrhoeae strain. Emerg. Infect. Dis.
2018, 24, 735–740. [CrossRef]
38. Eyre, D.W.; Sanderson, N.D.; Lord, E.; Regisford-Reimmer, N.; Chau, K.; Barker, L.; Morgan, M.; Newnham, R.; Golparian, D.;
Unemo, M.; et al. Gonorrhoea treatment failure caused by a Neisseria gonorrhoeae strain with combined ceftriaxone and high-level
azithromycin resistance, England, February 2018. Eurosurveillance 2018, 23, 1800323. [CrossRef]
39. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States, 2019; Department of Health and
Human Services: Atlanta, GA, USA, 2019. [CrossRef]
40. Ko, K.K.K.; Chio, M.T.W.; Goh, S.S.; Tan, A.L.; Koh, T.H.; Rahman, N.B.A. First case of ceftriaxone-resistant multidrug-resistant
Neisseria gonorrhoeae in Singapore. Antimicrob. Agents Chemother. 2019, 63, e02624-18. [CrossRef]
41. Cosgrove, S.E. The relationship between antimicrobial resistance and patient outcomes: Mortality, length of hospital stay, and
health care costs. Clin. Infect. Dis. 2006, 42, S82–S89. [CrossRef]
42. Roberts, R.R.; Hota, B.; Ahmad, I.; Scott, R.D.; Foster, S.D.; Abbasi, F.; Schabowski, S.; Kampe, L.M.; Ciavarella, G.G.; Supino, M.;
et al. Hospital and societal costs of antimicrobial-resistant infections in a Chicago teaching hospital: Implications for antibiotic
stewardship. Clin. Infect. Dis. 2009, 49, 1175–1184. [CrossRef]
43. Mainous, A.G.; Diaz, V.A.; Matheson, E.M.; Gregorie, S.H.; Hueston, W.J. Trends in hospitalizations with antibiotic-resistant
infections: U.S., 1997–2006. Public Health Rep. 2011, 126, 354–360. [CrossRef]
44. Friedman, N.D.; Temkin, E.; Carmeli, Y. The negative impact of antibiotic resistance. Clin. Microbiol. Infect. 2016, 22, 416–422.
[CrossRef]
Antibiotics 2021, 10, 103 20 of 30
45. Opatowski, M.; Tuppin, P.; Cosker, K.; Touat, M.; Lagasnerie, G.D.; Guillemot, D.; Salomon, J.; Brun-Buisson, C.; Watier, L.
Hospitalisations with infections related to antimicrobial-resistant bacteria from the French nationwide hospital discharge database,
2016. Epidemiol. Infect. 2019, 147, e144. [CrossRef]
46. Golparian, D.; Shafer, W.M.; Ohnishi, M.; Unemo, M. Importance of multidrug efflux pumps in the antimicrobial resistance
property of clinical multidrug-resistant isolates of Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 2014, 58, 3556–3559.
[CrossRef] [PubMed]
47. Taylor, S.N.; Morris, D.H.; Avery, A.K.; Workowski, K.A.; Batteiger, B.E.; Tiffany, C.A.; Perry, C.R.; Raychaudhuri, A.; Scangarella-
Oman, N.E.; Hossain, M.; et al. Gepotidacin for the treatment of uncomplicated urogenital gonorrhea: A phase 2, randomized,
dose-ranging, single-oral dose evaluation. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2018, 67, 504–512. [CrossRef] [PubMed]
48. Taylor, S.N.; Marrazzo, J.; Batteiger, B.E.; Hook, E.W.; Seña, A.C.; Long, J.; Wierzbicki, M.R.; Kwak, H.; Johnson, S.M.; Lawrence,
K.; et al. Single-dose zoliflodacin (ETX0914) for treatment of urogenital gonorrhea. N. Engl. J. Med. 2018, 379, 1835–1845.
[CrossRef] [PubMed]
49. Chen, M.Y.; McNulty, A.; Avery, A.; Whiley, D.; Tabrizi, S.N.; Hardy, D.; Das, A.F.; Nenninger, A.; Fairley, C.K.; Hocking, J.S.; et al.
Solithromycin versus ceftriaxone plus azithromycin for the treatment of uncomplicated genital gonorrhoea (SOLITAIRE-U): A
randomised phase 3 non-inferiority trial. Lancet Infect. Dis. 2019, 19, 833–842. [CrossRef]
50. Jacobsson, S.; Mason, C.; Khan, N.; Meo, P.; Unemo, M. In vitro activity of the novel oral antimicrobial SMT-571, with a new
mechanism of action, against MDR and XDR Neisseria gonorrhoeae: Future treatment option for gonorrhoea? J. Antimicrob.
Chemother. 2019, 74, 1591–1594. [CrossRef] [PubMed]
51. Moran, J.S. Treating uncomplicated Neisseria gonorrhoeae infections: Is the anatomic site of infection important? Sex. Transm. Dis.
1995, 22, 39–47. [CrossRef] [PubMed]
52. Manavi, K.; Young, H.; McMillan, A. The outcome of oropharyngeal gonorrhoea treatment with different regimens. Int. J. STD
AIDS 2005, 16, 68–70. [CrossRef]
53. Chow, E.P.F.; Walker, S.; Hocking, J.S.; Bradshaw, C.S.; Chen, M.Y.; Tabrizi, S.N.; Howden, B.P.; Law, M.G.; Maddaford, K.;
Read, T.R.H.; et al. A multicentre double-blind randomised controlled trial evaluating the efficacy of daily use of antibacterial
mouthwash against oropharyngeal gonorrhoea among men who have sex with men: The OMEGA (Oral Mouthwash use to
Eradicate GonorrhoeA) study protocol. BMC Infect. Dis. 2017, 17, 456. [CrossRef]
54. Chow, E.P.F.; Williamson, D.A.; Hocking, J.S.; Law, M.G.; Maddaford, K.; Bradshaw, C.S.; McNulty, A.; Templeton, D.J.; Moore, R.;
Murray, G.L.; et al. Antiseptic mouthwash for gonorrhoea prevention (OMEGA): A randomised, double-blind, parallel-group,
multicentre trial. Sex. Health 2020, 17, viii. [CrossRef]
55. Chow, E.P.F.; Maddaford, K.; Hocking, J.S.; Bradshaw, C.S.; Wigan, R.; Chen, M.Y.; Howden, B.P.; Williamson, D.A.; Fairley,
C.K. An open-label, parallel-group, randomised controlled trial of antiseptic mouthwash versus antibiotics for oropharyngeal
gonorrhoea treatment (OMEGA2). Sci. Rep. 2020, 10, 19386. [CrossRef] [PubMed]
56. Hung, M.-C.; Christodoulides, M. The biology of Neisseria adhesins. Biology 2013, 2, 1054–1109. [CrossRef] [PubMed]
57. Seifert, H.S. Questions about gonococcal pilus phase- and antigenic variation. Mol. Microbiol. 1996, 21, 433–440. [CrossRef]
[PubMed]
58. Hill, S.A.; Masters, T.L.; Wachter, J. Gonorrhea—An evolving disease of the new millennium. Microb. Cell 2016, 3, 371. [CrossRef]
[PubMed]
59. Kirchner, M.; Heuer, D.; Meyer, T.F. CD46-independent binding of neisserial type IV pili and the major pilus adhesin, PilC, to
human epithelial cells. Infect. Immun. 2005, 73, 3072. [CrossRef]
60. Jonsson, A.-B.; Ilver, D.; Falk, P.; Pepose, J.; Normark, S. Sequence changes in the pilus subunit lead to tropism variation of
Neisseria gonorrhoeae to human tissue. Mol. Microbiol. 1994, 13, 403–416. [CrossRef]
61. Long, C.D.; Madraswala, R.N.; Seifert, H.S. Comparisons between colony phase variation of Neisseria gonorrhoeae FA1090 and
pilus, pilin, and S-pilin expression. Infect. Immun. 1998, 66, 1918–1927. [CrossRef]
62. Stern, A.; Brown, M.; Nickel, P.; Meyer, T.F. Opacity genes in Neisseria gonorrhoeae: Control of phase and antigenic variation. Cell
1986, 47, 61–71. [CrossRef]
63. Edwards, J.L.; Apicella, M.A. The molecular mechanisms used by Neisseria gonorrhoeae to initiate infection differ between men
and women. Clin. Microbiol. Rev. 2004, 17, 965–981. [CrossRef]
64. Quillin, S.J.; Seifert, H.S. Neisseria gonorrhoeae host adaptation and pathogenesis. Nat. Rev. Microbiol. 2018, 16, 226–240. [CrossRef]
65. Van Putten, J.P.; Paul, S.M. Binding of syndecan-like cell surface proteoglycan receptors is required for Neisseria gonorrhoeae entry
into human mucosal cells. EMBO J. 1995, 14, 2144–2154. [CrossRef] [PubMed]
66. Chen, T.; Belland, R.J.; Wilson, J.; Swanson, J. Adherence of pilus-Opa+ gonococci to epithelial cells in vitro involves heparan
sulfate. J. Exp. Med. 1995, 182, 511–517. [CrossRef] [PubMed]
67. Porat, N.; Apicella, M.A.; Blake, M.S. Neisseria gonorrhoeae utilizes and enhances the biosynthesis of the asialoglycoprotein receptor
expressed on the surface of the hepatic HepG2 cell line. Infect. Immun. 1995, 63, 1498–1506. [CrossRef] [PubMed]
68. Harvey, H.A.; Porat, N.; Campbell, C.A.; Jennings, M.; Gibson, B.W.; Phillips, N.J.; Apicella, M.A.; Blake, M.S. Gonococcal
lipooligosaccharide is a ligand for the asialoglycoprotein receptor on human sperm. Mol. Microbiol. 2000, 36, 1059–1070.
[CrossRef] [PubMed]
Antibiotics 2021, 10, 103 21 of 30
69. Harvey, H.A.; Jennings, M.P.; Campbell, C.A.; Williams, R.; Apicella, M.A. Receptor-mediated endocytosis of Neisseria gonorrhoeae
into primary human urethral epithelial cells: The role of the asialoglycoprotein receptor. Mol. Microbiol. 2001, 42, 659–672.
[CrossRef]
70. Higashi, D.L.; Lee, S.W.; Snyder, A.; Weyand, N.J.; Bakke, A.; So, M. Dynamics of Neisseria gonorrhoeae attachment: Microcolony
development, cortical plaque formation, and cytoprotection. Infect. Immun. 2007, 75, 4743–4753. [CrossRef]
71. Anderson, M.T.; Byerly, L.; Apicella, M.A.; Seifert, H.S. Seminal plasma promotes Neisseria gonorrhoeae aggregation and biofilm
formation. J. Bacteriol. 2016, 198, 2228–2235. [CrossRef]
72. Merz, A.J.; Rifenbery, D.B.; Arvidson, C.G.; So, M. Traversal of a polarized epithelium by pathogenic Neisseriae: Facilitation by
type IV pili and maintenance of epithelial barrier function. Mol. Med. 1996, 2, 745–754. [CrossRef]
73. Wang, J.; Gray-Owen, S.D.; Knorre, A.; Meyer, T.F.; Dehio, C. Opa binding to cellular CD66 receptors mediates the transcellular
traversal of Neisseria gonorrhoeae across polarized T84 epithelial cell monolayers. Mol. Microbiol. 1998, 30, 657–671. [CrossRef]
74. Ilver, D.; Källström, H.; Normark, S.; Jonsson, A.-B. Transcellular passage of Neisseria gonorrhoeae involves pilus phase variation.
Infect. Immun. 1998, 66, 469–473. [CrossRef]
75. Sinha, R.K.; Rosenthal, R.S. Release of soluble peptidoglycan from growing gonococci: Demonstration of anhydro-muramyl-
containing fragments. Infect. Immun. 1980, 29, 914–925. [PubMed]
76. Kaparakis, M.; Turnbull, L.; Carneiro, L.; Firth, S.; Coleman, H.A.; Parkington, H.C.; Bourhis, L.L.; Karrar, A.; Viala, J.; Mak, J.;
et al. Bacterial membrane vesicles deliver peptidoglycan to NOD1 in epithelial cells. Cell. Microbiol. 2010, 12, 372–385. [CrossRef]
[PubMed]
77. Liu, M.; John, C.M.; Jarvis, G.A. Phosphoryl moieties of lipid A from Neisseria meningitidis and N. gonorrhoeae lipooligosaccharides
play an important role in activation of both MyD88- and TRIF-Dependent TLR4–MD-2 signaling pathways. J. Immunol. 2010,
185, 6974–6984. [CrossRef] [PubMed]
78. Mavrogiorgos, N.; Mekasha, S.; Yang, Y.; Kelliher, M.A.; Ingalls, R.R. Activation of NOD receptors by Neisseria gonorrhoeae
modulates the innate immune response. Innate Immun. 2014, 20, 377–389. [CrossRef] [PubMed]
79. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and functions. Nat. Rev.
Microbiol. 2015, 13, 605–619. [CrossRef] [PubMed]
80. Gaudet, R.G.; Sintsova, A.; Buckwalter, C.M.; Leung, N.; Cochrane, A.; Li, J.; Cox, A.D.; Moffat, J.; Gray-Owen, S.D. Cytosolic
detection of the bacterial metabolite HBP activates TIFA-dependent innate immunity. Science 2015, 348, 1251–1255. [CrossRef]
81. Pachathundikandi, K.; Backert, S. Heptose 1,7-bisphosphate directed TIFA oligomerization: A novel PAMP-recognizing signaling
platform in the control of bacterial infections. Gastroenterology 2018, 154, 778–783. [CrossRef]
82. Ramsey, K.H.; Schneider, H.; Cross, A.S.; Boslego, J.W.; Hoover, D.L.; Staley, T.L.; Kuschner, R.A.; Deal, C.D. Inflammatory
cytokines produced in response to experimental human gonorrhea. J. Infect. Dis. 1995, 172, 186–191. [CrossRef]
83. Zughaier, S.M.; Kandler, J.L.; Balthazar, J.T.; Shafer, W.M. Phosphoethanolamine modification of Neisseria gonorrhoeae lipid A
reduces autophagy flux in macrophages. PLoS ONE 2015, 10, e0144347. [CrossRef]
84. Criss, A.K.; Seifert, H.S. A bacterial siren song: Intimate interactions between Neisseria and neutrophils. Nat. Rev. Microbiol. 2012,
10, 178–190. [CrossRef]
85. Roos, D.; van Bruggen, R.; Meischl, C. Oxidative killing of microbes by neutrophils. Microbes Infect. 2003, 5, 1307–1315. [CrossRef]
[PubMed]
86. Levy, O. Antimicrobial proteins and peptides: Anti-infective molecules of mammalian leukocytes. J. Leukoc. Biol. 2004, 76, 909–925.
[CrossRef]
87. Tseng, H.-J.; Srikhanta, Y.; McEwan, A.G.; Jennings, M.P. Accumulation of manganese in Neisseria gonorrhoeae correlates with
resistance to oxidative killing by superoxide anion and is independent of superoxide dismutase activity. Mol. Microbiol. 2001,
40, 1175–1186. [CrossRef] [PubMed]
88. Claverys, J.-P. A new family of high-affinity ABC manganese and zinc permeases. Res. Microbiol. 2001, 152, 231–243. [CrossRef]
89. Seib, K.L.; Wu, H.-J.; Kidd, S.P.; Apicella, M.A.; Jennings, M.P.; McEwan, A.G. Defenses against oxidative stress in Neisseria
gonorrhoeae: A system tailored for a challenging environment. Microbiol. Mol. Biol. Rev. 2006, 70, 344–361. [CrossRef] [PubMed]
90. Seib, K.L.; Tseng, H.-J.; McEwan, A.G.; Apicella, M.A.; Jennings, M.P. Defenses against oxidative stress in Neisseria gonorrhoeae
and Neisseria meningitidis: Distinctive systems for different lifestyles. J. Infect. Dis. 2004, 190, 136–147. [CrossRef]
91. Archibald, F.S.; Duong, M.N. Superoxide dismutase and oxygen toxicity defenses in the genus Neisseria. Infect. Immun. 1986,
51, 631–641. [CrossRef] [PubMed]
92. Seib, K.L.; Jennings, M.P.; McEwan, A.G. A Sco homologue plays a role in defence against oxidative stress in pathogenic Neisseria.
FEBS Lett. 2003, 546, 411–415. [CrossRef]
93. Stohl, E.A.; Seifert, H.S. Neisseria gonorrhoeae DNA recombination and repair enzymes protect against oxidative damage caused
by hydrogen peroxide. J. Bacteriol. 2006, 188, 7645–7651. [CrossRef] [PubMed]
94. Kline, K.A.; Seifert, H.S. Mutation of the PriA gene of Neisseria gonorrhoeae affects DNA transformation and DNA repair. J.
Bacteriol. 2005, 187, 5347–5355. [CrossRef]
95. LeCuyer, B.E.; Criss, A.K.; Seifert, H.S. Genetic characterization of the nucleotide excision repair system of Neisseria gonorrhoeae. J.
Bacteriol. 2010, 192, 665–673. [CrossRef] [PubMed]
96. Johnson, M.B.; Criss, A.K. Resistance of Neisseria gonorrhoeae to neutrophils. Front. Microbiol. 2011, 2, 77. [CrossRef] [PubMed]
Antibiotics 2021, 10, 103 22 of 30
97. Zughaier, S.M.; Kandler, J.L.; Shafer, W.M. Neisseria gonorrhoeae modulates iron-limiting innate immune defenses in macrophages.
PLoS ONE 2014, 9, e87688. [CrossRef] [PubMed]
98. Ortiz, M.C.; Lefimil, C.; Rodas, P.I.; Vernal, R.; Lopez, M.; Acuña-Castillo, C.; Imarai, M.; Escobar, A. Neisseria gonorrhoeae
modulates immunity by polarizing human macrophages to a M2 profile. PLoS ONE 2015, 10, e0130713. [CrossRef] [PubMed]
99. Jerse, A.E.; Sharma, N.D.; Simms, A.N.; Crow, E.T.; Snyder, L.A.; Shafer, W.M. A gonococcal efflux pump system enhances
bacterial survival in a female mouse model of genital tract infection. Infect. Immun. 2003, 71, 5576–5582. [CrossRef] [PubMed]
100. Handing, J.W.; Ragland, S.A.; Bharathan, U.V.; Criss, A.K. The MtrCDE efflux pump contributes to survival of Neisseria gonorrhoeae
from human neutrophils and their antimicrobial components. Front. Microbiol. 2018, 9, 2688. [CrossRef] [PubMed]
101. Kraemer, S.A.; Ramachandran, A.; Perron, G.G. Antibiotic pollution in the environment: From microbial ecology to public policy.
Microorganisms 2019, 7, 180. [CrossRef]
102. Zhu, Y.-G.; Zhao, Y.; Zhu, D.; Gillings, M.; Penuelas, J.; Ok, Y.S.; Capon, A.; Banwart, S. Soil biota, antimicrobial resistance and
planetary health. Environ. Int. 2019, 131, 105059. [CrossRef]
103. Hamilton, H.L.; Dillard, J.P. Natural transformation of Neisseria gonorrhoeae: From DNA donation to homologous recombination.
Mol. Microbiol. 2006, 59, 376–385. [CrossRef]
104. Unemo, M.; Shafer, W.M. Antimicrobial resistance in Neisseria gonorrhoeae in the 21st century: Past, evolution, and future. Clin.
Microbiol. Rev. 2014, 27, 587–613. [CrossRef]
105. Palace, S.G.; Wang, Y.; Rubin, D.H.; Welsh, M.A.; Mortimer, T.D.; Cole, K.; Eyre, D.W.; Walker, S.; Grad, Y.H. RNA polymerase
mutations cause cephalosporin resistance in clinical Neisseria gonorrhoeae isolates. eLife 2020, 9, e51407. [CrossRef] [PubMed]
106. Dickey, S.W.; Cheung, G.Y.C.; Otto, M. Different drugs for bad bugs: Antivirulence strategies in the age of antibiotic resistance.
Nat. Rev. Drug Discov. 2017, 16, 457–471. [CrossRef] [PubMed]
107. Foschi, C.; Salvo, M.; Cevenini, R.; Parolin, C.; Vitali, B.; Marangoni, A. Vaginal lactobacilli reduce Neisseria gonorrhoeae viability
through multiple strategies: An in vitro study. Front. Cell. Infect. Microbiol. 2017, 7, 502. [CrossRef] [PubMed]
108. Cox, A.D.; Wright, J.C.; Li, J.; Hood, D.W.; Moxon, E.R.; Richards, J.C. Phosphorylation of the lipid A region of meningococcal
lipopolysaccharide: Identification of a family of transferases that add phosphoethanolamine to lipopolysaccharide. J. Bacteriol.
2003, 185, 3270–3277. [CrossRef] [PubMed]
109. Lewis, L.A.; Choudhury, B.; Balthazar, J.T.; Martin, L.E.; Ram, S.; Rice, P.A.; Stephens, D.S.; Carlson, R.; Shafer, W.M. Phospho-
ethanolamine substitution of lipid A and resistance of Neisseria gonorrhoeae to cationic antimicrobial peptides and complement-
mediated killing by normal human serum. Infect. Immun. 2009, 77, 1112–1120. [CrossRef] [PubMed]
110. Hobbs, M.M.; Anderson, J.E.; Balthazar, J.T.; Kandler, J.L.; Carlson, R.W.; Ganguly, J.; Begum, A.A.; Duncan, J.A.; Lin, J.T.;
Sparling, P.F.; et al. Lipid A’s structure mediates Neisseria gonorrhoeae fitness during experimental infection of mice and men. mBio
2013, 4, e00892-13. [CrossRef]
111. Handing, J.W.; Criss, A.K. The lipooligosaccharide-modifying enzyme LptA enhances gonococcal defence against human
neutrophils. Cell. Microbiol. 2015, 17, 910–921. [CrossRef]
112. Anandan, A.; Evans, G.L.; Condic-Jurkic, K.; O’Mara, M.L.; John, C.M.; Phillips, N.J.; Jarvis, G.A.; Wills, S.S.; Stubbs, K.A.; Moraes,
I.; et al. Structure of a lipid A phosphoethanolamine transferase suggests how conformational changes govern substrate binding.
Proc. Natl. Acad. Sci. USA 2017, 114, 2218–2223. [CrossRef]
113. Wu, H.; Jerse, A.E. α-2,3-sialyltransferase enhances Neisseria gonorrhoeae survival during experimental murine genital tract
infection. Infect. Immun. 2006, 74, 4094–4103. [CrossRef]
114. Lin, L.Y.-C.; Rakic, B.; Chiu, C.P.C.; Lameignere, E.; Wakarchuk, W.W.; Withers, S.G.; Strynadka, N.C.J. Structure and mechanism
of the lipooligosaccharide sialyltransferase from Neisseria meningitidis. J. Biol. Chem. 2011, 286, 37237–37248. [CrossRef]
115. Lewis, L.A.; Gulati, S.; Burrowes, E.; Zheng, B.; Ram, S.; Rice, P.A. α-2,3-sialyltransferase expression level impacts the kinetics of
lipooligosaccharide sialylation, complement resistance, and the ability of Neisseria gonorrhoeae to colonize the murine genital tract.
mBio 2015, 6, e02465-14. [CrossRef]
116. Gulati, S.; Schoenhofen, I.C.; Whitfield, D.M.; Cox, A.D.; Li, J.; Michael, F.S.; Vinogradov, E.V.; Stupak, J.; Zheng, B.; Ohnishi, M.;
et al. Utilizing CMP-sialic acid analogs to unravel Neisseria gonorrhoeae lipooligosaccharide-mediated complement resistance and
design novel therapeutics. PLoS Pathog. 2015, 11, e1005290. [CrossRef] [PubMed]
117. Shaughnessy, J.; Gulati, S.; Agarwal, S.; Unemo, M.; Ohnishi, M.; Su, X.-H.; Monks, B.G.; Visintin, A.; Madico, G.; Lewis, L.A.;
et al. A novel factor H–Fc chimeric immunotherapeutic molecule against Neisseria gonorrhoeae. J. Immunol. 2016, 196, 1732–1740.
[CrossRef]
118. Gulati, S.; Schoenhofen, I.C.; Lindhout-Djukic, T.; Schur, M.J.; Landig, C.S.; Saha, S.; Deng, L.; Lewis, L.A.; Zheng, B.; Varki,
A.; et al. Therapeutic CMP-nonulosonates against multidrug-resistant Neisseria gonorrhoeae. J. Immunol. 2020, 204, 3283–3295.
[CrossRef]
119. Gulati, S.; Schoenhofen, I.C.; Lindhout-Djukic, T.; Lewis, L.A.; Moustafa, I.Y.; Saha, S.; Zheng, B.; Nowak, N.; Rice, P.A.; Varki,
A.; et al. Efficacy of antigonococcal CMP-nonulosonate therapeutics require cathelicidins. J. Infect. Dis. 2020, 222, 1641–1650.
[CrossRef] [PubMed]
120. Yum, S.; Kim, M.J.; Xu, Y.; Jin, X.L.; Yoo, H.Y.; Park, J.-W.; Gong, J.H.; Choe, K.-M.; Lee, B.L.; Ha, N.-C. Structural basis for the
recognition of lysozyme by MliC, a periplasmic lysozyme inhibitor in Gram-negative bacteria. Biochem. Biophys. Res. Commun.
2009, 378, 244–248. [CrossRef] [PubMed]
Antibiotics 2021, 10, 103 23 of 30
121. Ragland, S.A.; Humbert, M.V.; Christodoulides, M.; Criss, A.K. Neisseria gonorrhoeae employs two protein inhibitors to evade
killing by human lysozyme. PLoS Pathog. 2018, 14, e1007080. [CrossRef] [PubMed]
122. Zielke, R.A.; Le Van, A.; Baarda, B.I.; Herrera, M.F.; Acosta, C.J.; Jerse, A.E.; Sikora, A.E. SliC is a surface-displayed lipoprotein
that is required for the anti-lysozyme strategy during Neisseria gonorrhoeae infection. PLoS Pathog. 2018, 14, e1007081. [CrossRef]
123. Almonacid-Mendoza, H.L.; Humbert, M.V.; Dijokaite, A.; Cleary, D.W.; Soo, Y.; Hung, M.-C.; Orr, C.M.; Machelett, M.M.; Tews, I.;
Christodoulides, M. Structure of the recombinant Neisseria gonorrhoeae adhesin complex protein (rNg-ACP) and generation of
murine antibodies with bactericidal activity against gonococci. mSphere 2018, 3, e00331-18. [CrossRef]
124. Blundell, J.K.; Smith, G.J.; Perkins, H.R. The peptidoglycan of Neisseria gonorrhoeae: O-acetyl groups and lysozyme sensitivity.
FEMS Microbiol. Lett. 1980, 9, 259–261. [CrossRef]
125. Rosenthal, R.S.; Folkening, W.J.; Miller, D.R.; Swim, S.C. Resistance of O-acetylated gonococcal peptidoglycan to human
peptidoglycan-degrading enzymes. Infect. Immun. 1983, 40, 903–911. [CrossRef] [PubMed]
126. Clarke, A.J.; Dupont, C. O-Acetylated peptidoglycan: Its occurrence, pathobiological significance, and biosynthesis. Can. J.
Microbiol. 1992, 38, 85–91. [CrossRef] [PubMed]
127. Weadge, J.T.; Pfeffer, J.M.; Clarke, A.J. Identification of a new family of enzymes with potential O-acetylpeptidoglycan esterase
activity in both Gram-positive and Gram-negative bacteria. BMC Microbiol. 2005, 5, 49. [CrossRef] [PubMed]
128. Moynihan, P.J.; Clarke, A.J. O-acetylation of peptidoglycan in gram-negative bacteria. Identification and characterization of
peptidoglycan O-acetyltransferase in Neisseria gonorrhoeae. J. Biol. Chem. 2010, 285, 13264–13273. [CrossRef]
129. Brott, A.S.; Jones, C.S.; Clarke, A.J. Development of a high throughput screen for the identification of inhibitors of peptidoglycan
O-acetyltransferases, new potential antibacterial targets. Antibiotics 2019, 8, 65. [CrossRef]
130. Brott, A.S.; Clarke, A.J. Peptidoglycan O-acetylation as a virulence factor: Its effect on lysozyme in the innate immune system.
Antibiotics 2019, 8, 94. [CrossRef]
131. Jones, C.S.; Sychantha, D.; Howell, P.L.; Clarke, A.J. Structural basis for the O-acetyltransferase function of the extracytoplasmic
domain of OatA from Staphylococcus aureus. J. Biol. Chem. 2020, 295, 8204–8213. [CrossRef]
132. Cloud, K.A.; Dillard, J.P. A lytic transglycosylase of Neisseria gonorrhoeae is involved in peptidoglycan-derived cytotoxin produc-
tion. Infect. Immun. 2002, 70, 2752–2757. [CrossRef]
133. Chan, Y.A.; Hackett, K.T.; Dillard, J.P. The lytic transglycosylases of Neisseria gonorrhoeae. Microb. Drug Resist. 2012, 18, 271–279.
[CrossRef]
134. Schaub, R.E.; Chan, Y.A.; Lee, M.; Hesek, D.; Mobashery, S.; Dillard, J.P. Lytic transglycosylases LtgA and LtgD perform distinct
roles in remodeling, recycling and releasing peptidoglycan in Neisseria gonorrhoeae. Mol. Microbiol. 2016, 102, 865–881. [CrossRef]
135. Ragland, S.A.; Schaub, R.E.; Hackett, K.T.; Dillard, J.P.; Criss, A.K. Two lytic transglycosylases in Neisseria gonorrhoeae impart
resistance to killing by lysozyme and human neutrophils. Cell. Microbiol. 2017, 19, e12662. [CrossRef] [PubMed]
136. Williams, A.H.; Wheeler, R.; Thiriau, C.; Haouz, A.; Taha, M.-K.; Boneca, I.G. Bulgecin A: The key to a broad-spectrum inhibitor
that targets lytic transglycosylases. Antibiotics 2017, 6, 8. [CrossRef] [PubMed]
137. Williams, A.H.; Wheeler, R.; Deghmane, A.-E.; Santecchia, I.; Schaub, R.E.; Hicham, S.; Moya Nilges, M.; Malosse, C.; Chamot-
Rooke, J.; Haouz, A.; et al. Defective lytic transglycosylase disrupts cell morphogenesis by hindering cell wall de-O-acetylation in
Neisseria meningitidis. eLife 2020, 9, e51247. [CrossRef] [PubMed]
138. Boulanger, M.J.; Murphy, M.E.P. Crystal structure of the soluble domain of the major anaerobically induced outer membrane
protein (AniA) from pathogenic Neisseria: A new class of copper-containing nitrite reductases. J. Mol. Biol. 2002, 315, 1111–1127.
[CrossRef] [PubMed]
139. Falsetta, M.L.; Bair, T.B.; Ku, S.C.; vanden Hoven, R.N.; Steichen, C.T.; McEwan, A.G.; Jennings, M.P.; Apicella, M.A. Transcrip-
tional profiling identifies the metabolic phenotype of gonococcal biofilms. Infect. Immun. 2009, 77, 3522–3532. [CrossRef]
140. Shewell, L.K.; Ku, S.C.; Schulz, B.L.; Jen, F.E.-C.; Mubaiwa, T.D.; Ketterer, M.R.; Apicella, M.A.; Jennings, M.P. Recombinant
truncated AniA of pathogenic Neisseria elicits a non-native immune response and functional blocking antibodies. Biochem. Biophys.
Res. Commun. 2013, 431, 215–220. [CrossRef]
141. Sikora, A.E.; Mills, R.H.; Weber, J.V.; Hamza, A.; Passow, B.W.; Romaine, A.; Williamson, Z.A.; Reed, R.W.; Zielke, R.A.; Korotkov,
K.V. Peptide inhibitors targeting the Neisseria gonorrhoeae pivotal anaerobic respiration factor AniA. Antimicrob. Agents Chemother.
2017, 61, e00186-17. [CrossRef]
142. Sikora, A.; Rotkov, K.V. Peptide Inhibitors Targeting the Neisseria gonorrhoeae Pivotal Anaerobic Respiration Factor AniA. 2019.
Available online: https://patentscope.wipo.int/search/en/detail.jsf?docId=US279743297 (accessed on 5 September 2020).
143. Lomovskaya, O.; Warren, M.S.; Lee, A.; Galazzo, J.; Fronko, R.; Lee, M.; Blais, J.; Cho, D.; Chamberland, S.; Renau, T.; et al.
Identification and characterization of inhibitors of multidrug resistance efflux pumps in Pseudomonas aeruginosa: Novel agents for
combination therapy. Antimicrob. Agents Chemother. 2001, 45, 105–116. [CrossRef]
144. Akama, H.; Matsuura, T.; Kashiwagi, S.; Yoneyama, H.; Narita, S.; Tsukihara, T.; Nakagawa, A.; Nakae, T. Crystal structure of the
membrane fusion protein, MexA, of the multidrug transporter in Pseudomonas aeruginosa. J. Biol. Chem. 2004, 279, 25939–25942.
[CrossRef]
145. Lomovskaya, O.; Bostian, K.A. Practical applications and feasibility of efflux pump inhibitors in the clinic—A vision for applied
use. Biochem. Pharmacol. 2006, 71, 910–918. [CrossRef]
Antibiotics 2021, 10, 103 24 of 30
146. Lei, H.-T.; Chou, T.-H.; Su, C.-C.; Bolla, J.R.; Kumar, N.; Radhakrishnan, A.; Long, F.; Delmar, J.A.; Do, S.V.; Rajashankar, K.R.;
et al. Crystal structure of the open state of the Neisseria gonorrhoeae MtrE outer membrane channel. PLoS ONE 2014, 9, e97475.
[CrossRef] [PubMed]
147. Chen, S.; Connolly, K.L.; Rouquette-Loughlin, C.; D’Andrea, A.; Jerse, A.E.; Shafer, W.M. Could dampening expression of the
Neisseria gonorrhoeae mtrCDE-encoded efflux pump be a strategy to preserve currently or resurrect formerly used antibiotics to
treat gonorrhea? mBio 2019, 10, e01576-19. [CrossRef] [PubMed]
148. Lyu, M.; Moseng, M.A.; Reimche, J.L.; Holley, C.L.; Dhulipala, V.; Su, C.-C.; Shafer, W.M.; Yu, E.W. Cryo-EM structures of
a gonococcal multidrug efflux pump illuminate a mechanism of drug recognition and resistance. mBio 2020, 11, e00996-20.
[CrossRef] [PubMed]
149. Riboldi-Tunnicliffe, A.; König, B.; Jessen, S.; Weiss, M.S.; Rahfeld, J.; Hacker, J.; Fischer, G.; Hilgenfeld, R. Crystal structure of Mip,
a prolylisomerase from Legionella pneumophila. Nat. Struct. Biol. 2001, 8, 779–783. [CrossRef] [PubMed]
150. Leuzzi, R.; Serino, L.; Scarselli, M.; Savino, S.; Fontana, M.R.; Monaci, E.; Taddei, A.; Fischer, G.; Rappuoli, R.; Pizza, M. Ng-MIP, a
surface-exposed lipoprotein of Neisseria gonorrhoeae, has a peptidyl-prolyl cis/trans isomerase (PPIase) activity and is involved in
persistence in macrophages. Mol. Microbiol. 2005, 58, 669–681. [CrossRef]
151. Reimer, A.; Seufert, F.; Weiwad, M.; Ebert, J.; Bzdyl, N.M.; Kahler, C.M.; Sarkar-Tyson, M.; Holzgrabe, U.; Rudel, T.; Kozjak-
Pavlovic, V. Inhibitors of macrophage infectivity potentiator-like PPIases affect neisserial and chlamydial pathogenicity. Int. J.
Antimicrob. Agents 2016, 48, 401–408. [CrossRef]
152. Bardwell, J.C.; Lee, J.-O.; Jander, G.; Martin, N.; Belin, D.; Beckwith, J. A pathway for disulfide bond formation in vivo. Proc. Natl.
Acad. Sci. USA 1993, 90, 1038–1042. [CrossRef]
153. Missiakas, D.; Georgopoulos, C.; Raina, S. Identification and characterization of the Escherichia coli gene dsbB, whose product is
involved in the formation of disulfide bonds in vivo. Proc. Natl. Acad. Sci. USA 1993, 90, 7084–7088. [CrossRef]
154. Tinsley, C.R.; Voulhoux, R.; Beretti, J.-L.; Tommassen, J.; Nassif, X. Three homologues, including two membrane-bound proteins,
of the disulfide oxidoreductase DsbA in Neisseria meningitidis: Effects on bacterial growth and biogenesis of functional type IV
pili. J. Biol. Chem. 2004, 279, 27078–27087. [CrossRef]
155. Miki, T.; Okada, N.; Danbara, H. Two periplasmic disulfide oxidoreductases, DsbA and SrgA, target outer membrane protein
SpiA, a component of the Salmonella pathogenicity island 2 type III secretion system. J. Biol. Chem. 2004, 279, 34631–34642.
[CrossRef]
156. Sinha, S.; Ambur, O.H.; Langford, P.R.; Tønjum, T.; Kroll, J.S. Reduced DNA binding and uptake in the absence of DsbA1 and
DsbA2 of Neisseria meningitidis due to inefficient folding of the outer-membrane secretin PilQ. Microbiology 2008, 154, 217–225.
[CrossRef] [PubMed]
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